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Abstract: We provide a simple low energy description of recombination of inter- 
secting D-branes using super Yang-Mills theory. The recombination is realized by 
condensation of an off-diagonal tachyonic fluctuation localized at the intersecting 
point. The recombination process is equivalent to brane-antibrane annihilation, thus 
our result confirms Sen's conjecture on tachyon condensation, although we work in 
the super Yang-Mills theory whose energy scale is much lower than a'. We also 
& ■ discuss the decay width of non-parallelly separated D-branes. 
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1. Introduction 

The significance of D-brane dynamics in string theories has been widely recognized, 
and for unified formulation of nonperturbative string/M theory it is believed to be 
promising to adopt D-branes as fundamental objects. Low dimensional D-branes, 
such as D-particles and D-instantons, have been utilized along this direction [p]], 
while higher dimensional D-branes have relative difficulty due to the complicated 
interaction of the extended worldvolumes. One of such interaction is the recombi- 
nation, or equivalently reconnection, of intersecting D-branes (especially D-strings). 
For fundamental strings, the recombination effect has been introduced as an essential 
interaction in an open string field theory 0. It strongly suggests that the recom- 
bination is one of the most important mechanisms to be clarified, for formulating 
any field theory of interacting D-branes. On the other hand, recombination of D- 
branes turned out to be an intriguing realization of Higgs phenomena in Standard 
Model on intersecting branes || and inflation in braneworld scenario jp. The re- 
combination appears as an essential dynamics in these recent developments in string 
phenomenology, hence its precise formulation in string theory is required. 

It is well-known || that the recombination is due to the tachyon mode appear- 
ing as the lowest mode of a string connecting the intersecting D-branes (see Fig. [I]), 
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although the mechanism has not been shown explicitly so far. As seen below, this is 
related to Sen's conjectures || stating that tachyon condensation on brane-antibrane 
is equivalent to the disappearance of them. When the intersection angle 9 is tt, the 
intersecting D-branes are just a parallel brane-antibrane pair. The relevant tachyon 
mode appears in excitation of a string connecting the two. If we decrease 9 a lit- 
tle, then this tachyonic mode is localized near the intersection point. Provided the 
tachyon condensation makes the branes disappear, it affects them only locally and 
the branes are recombined (See Fig. The verification of the Sen's conjectures, es- 
pecially on the disappearance of open string degrees of freedom, has not been shown 
in a complete form yet. So it would be possible to say that showing the D-brane 
recombination explicitly is qualitatively equivalent to the verification of the Sen's 
conjectures. In addition, the system of intersecting D-branes includes the parallel 
brane-antibrane system as a special limit 9 = it, and naively it is expected that any 
multi-body systems of D-branes are involved with intersecting branes generically, 
rather than its special case 9 = it of the parallel brane-antibrane. This leads us 
to motivate the study of the local tachyon condensation on the intersecting branes, 
which is the recombination process. 

In this paper, we provide a very simple description of the recombination of 
intersecting D-branes by analysing corresponding background in super Yang-Mills 
theories which are low energy effective theories of D-branes. We identify one of the 
fluctuation eigen modes with the tachyon state concerning the annihilation of branes, 
and show that the condensation of this mode exactly gives the recombination of the 
intersecting branes. Our description provides a geometrical realization of the open 
string tachyon condensation. 

In Ref. 0, fluctuation spectra of Yang-Mills theory have been studied for a T- 
dualized configuration of the intersecting branes wound on a torus. The authors of 
Ref. showed the agreement between the Yang-Mills fluctuation spectra and string 
theory spectra, while due to the T-duality geometrical picture of the recombination 
was difficult to be seen. Our work does not involve the T-duality and fills the gap. 

In Section 2 we study a 1+1 dimensional SU(2) super Yang-Mills theory which 
is induced on parallel D-strings at low energy* We turn on a linear Higgs back- 
ground in the diagonal component, which amounts to turning on the intersecting 
angle 9. The fluctuation analysis around this background shows that there appears 
a tachyonic mode whose mass squared (and its dependence on 9) coincides with the 
worldsheet result of Ref. ||, for small 9. After diagonalizing the fluctuation, we see 
that the tachyonic mode is exactly associated with the brane recombination. All the 
computations are carried out in the low energy approximation of string theory whose 
energy scale is much lower than the string scale a'. This is possible since at small 9 
the tachyon becomes almost massless. 

* Higher dimensional D-branes intersecting with a single angular parameter can be treated with 
a trivial generalization of our work. 
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We also attempt to analyse the behavior of 9 ~ 7T, in Section 3. In the limit 
9 = 7T, the brane configuration becomes a parallel coincident Dl-antiDl pair. We 
first clarify the relation between the D-brane recombination and the Sen's conjectures 
on the tachyon condensation on brane-antibrane. With natural ansatz from string 
scattering amplitudes, we adopt a tachyon action and its coupling to the gauge 
fields living on the D-branes. This natural tachyon action is used to show that the 
worldsheet spectrum near 9 = tt is precisely reproduced in the fluctuation analysis. 
Furthermore, the geometrical recombination is shown also in this system 9 ~ tt by 
analysing the backreaction to the transverse scalar field. 

In Section 4, we describe dynamical aspects of the recombination by evaluating 
the decay width of non-parallelly separated D-branes. We show that for smaller 
intersection angle 9, the decay probability gets smaller and the system approaches a 
supersymmetric system of parallel D-branes. We speculate on how the recombination 
process proceeds. 

The low energy Yang-Mills approximation in Section 2 is valid for small inter- 
section angle \9\ <C 1, so in Appendix A we include the non-Abelian Born-Infeld 
(NBI) corrections to it, to see how the string spectrum with the higher order in 9 is 
reproduced in the fluctuation spectrum. We use (a') 2 F 4 corrections in the NBI [|9] 
and follow the techniques developed in Ref. J7|, to find complete agreement in the 
spectra to the order 9 3 . 



2. D-brane recombination realized in Yang-Mills 

Parallelly placed multiple D-branes in type II superstring theories have super Yang- 
Mills theory as their low energy description [ ICfl . The non-Abelian structure stems 
from excitations of strings connecting different D-branes (see Fig. [I]). When an 
intersection angle 9 (0 < 9 < tt) is turned on, these strings get confined to the 
intersection point so that the energy coming from the tension times its length is 
minimized. A part of the spectrum of the Neveu-Schwarz sector of this localized 



open strings was studied in Ref. fq, 11] giving 



m^L- 1 -)-^, (2.1) 

\ 2/ HQ 

where n (> 0) is an integer, and 9 is the intersection angle (9 = corresponds to a 
coincident parallel D-branes, see Fig. |l|).^ In this paper we treat the simplest case of 
turning on only a single intersection angle, while generically with higher dimensional 
D-branes we may consider more parameters for the angles. 

The important observation of Eq. (|2.1|) is that for n = the mass squared 
becomes negative, and this is the tachyonic mode of our concern. Since naively the 



'''Ref. H studied also the Yang-Mills viewpoint. 
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Figure 1: Two D-strings are intersecting with each other at an angle 0. The 
wavy line depicts a fundamental string connecting the D-strings. The world- 
volumes are parametrized by the horizontal direction x while its displacement 
from the x axis is given by the transverse Higgs field Y{x). 



intersecting branes can be recombined and lower the total energy by shortening their 
lengths, it has been expected that the tachyonic mode n = is an indication of this 
recombination [0. To show this mechanism explicitly is our aim of this paper. 

2.1 Fluctuation analysis of Yang-Mills 

We start with a 1+1 dimensional SU(2) Yang-Mills action with maximal supersym- 
metries,* 



S = — Tr / dtdx 1 



1 

-Jr 

2 ^ 



FL + {D^f 



[2.2) 



In this expression we omit fermions. The indices fi,u = 0,1 are worldvolume co- 
ordinates while i — 2, 3, • • • , 9 is for transverse directions in the bulk. This action 
describes the low energy dynamics of parallel two D-strings. The fields are decom- 
posed into components by Pauli matrices as = (l/2)a a A a ^ and a similar expression 
for with the definition of the covariant derivative as 



in/ 



d v Al + e ahc A\A c v , 



D^ a 



Q^a + e abc A b^e 



;2.3) 



The locations of the D-strings Y % are specified by the eigenvalues of the Higgs field 
with the rescaling 27ra'$i —Y % . In the following we turn on only Y 9 and omit the 
transverse index i. 



*In this paper except Section 4, we omit writing tensions of D-branes which appear as an overall 
factor of the actions. 
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The background representing the intersecting D-strings should be 



$ 3 = qx , = . (2.4) 

Here x denotes x 1 . It is obvious that this is a solution of the equations of motion 
for the action (2.2). This solution breaks all the supersymmetries. Taking into 
account the rescaling factor 2na', one finds that the constant slope q is related to 
the intersection angle 9 as 

q = -^-tan(0/2) . (2.5) 

The brane configuration is shown in Fig. |l[ 

Let us proceed to the analysis of the fluctuations around this background (|2.4j ). 
We turn on only A\ = a and $ 1 = ip since other fluctuation fields decouple from 
these, § at the quadratic level. The Lagrangian quadratic in the fluctuations is calcu- 
lated as 

L = \{d af + ^(<V) 2 - l - ((d^) 2 + 2qxad xV + q 2 x 2 a 2 - 2qa^) . (2.6) 



The equations of motion for the fluctuations are 

-q 2 x 2 — d 2 —qxd x + q\ ( a(t, x) 



qxd x + 2q d 2 — dl J \(f(t, x 



. (2.7) 



To obtain the mass spectrum, we decompose the fluctuation fields into the linear 
combination of mass eigen functions as 



a(t,x) \ _ >p / a n (x) 

where the decomposed field C n (t) satisfies a free field equation 

(d 2 + ml)C n (t) = (2.9) 
with the mass eigenvalues m n for each n. The eigen equations are given by 

-q 2 x 2 + w? n —qxd x + q \ ( a n (x) 



, i i - i — . (2.10) 

qxd x + 2q d^. + m z n J \(p n {x) 

Solving this matrix differential equation, the mass squared is obtained as 

m 2 n = (2n-\)q (2.11) 

§ Another pair (A},$ 2 ) which is decoupled from the above appears with a similar Lagrangian. 
This another pair provides doubly degenerated spectrum, which is consistent with the string spec- 
trum that is also doubly degenerated due to the possible orientations of the string. We shall see 
that in each sector a tachyonic mode appears which is combined into a complex tachyon field. 
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for normalizable eigen functions (a n (x), <p n (x)), with n — 0, 2, 3, 4, 5, • • • . The explicit 
expression for the eigen functions are 



3=0,2,- • 7 ' 



3=0,2 

for n = 0, 2, • • • , and 



/I / * 1 \ 

£ (_ 1) ^ij_(lZiW_3)...(„- J + 2)(^y 

i=l,3,- J' V / 



3=3,5,- 



for n = 3, 5, • • ■ . Substituting the relation (|2.5|) into the mass formula ( [2.11D , we find 
that it agrees with the string worldsheet spectrum ( |2.1| ) up to 0(6 3 ) ambiguity. In 
order to match two results to higher order in 9, we should have to adopt the non- 
Abelian Born-Infeld Lagrangian as a starting point. In appendix A, we include the 
first nontrivial a' corrections of order (a') 2 F 4 from string theory, and showed that 
the fluctuation spectrum agrees with the worldsheet result up to O(0 5 ) ambiguity. 

Our concern is the lowest mode n = which is tachyonic. Surprisingly, the eigen 
functions for this lowest mode is quite simple, 



¥o\ x ) = a o\ x ) — ex P 





r 2 _ 

qx 


f = exp 


exp 


2 _ 





tan(0/2) 2 
2ira' X 



(2.12) 



The fluctuation modes are localized at x = which is the intersection point, which 
agrees again with the worldsheet perspective. If 6 is small enough, the above fluctu- 
ation mode does not invalidate the low energy approximation of the D-brane action 
as Yang-Mills theory, since the derivatives (involved with the string a' corrections) 
acting on the fluctuation give only small contributions. In this respect, the approxi- 
mation is invalid for 9 exceeding tt/2. 

The fact that the eigen functions are Gaussian is consistent with the T-dual 
results in Ref. where the eigen functions are functions. The functions are 
roughly a summation of periodically placed Gaussian functions, and Ref. consid- 
ered D-branes wrapping a torus for the T-duality so the above localized eigenfunc- 
tions should appear periodically there. 

2.2 Realization of D-string recombination 

Let us find the constraint on the magnitude C = Co(t) of the tachyonic fluctuation 
( |2.12| ) first. This is derived by requiring that the quadratic approximation is valid, 
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that is, the terms quartic in fluctuations are much smaller than quadratic terms. 
Straightforward calculation shows that in the original Yang-Mills Lagrangian the 
quadratic terms with eigen functions ( [2.12|) are 

(quadratic terms) ~ qC 2 e~ qx2 , (2.13) 

while the quartic terms are 

(quartic terms) ~ CV 2 ** 2 . (2.14) 

Hence the above consistency requires 

g>C 2 . (2.15) 

This is the condition for that the approximation we adopted for the fluctuation 
analysis is valid. The free field equation (|2.9| ) for C{t) is solved with an exponentially 
growing function 

C ~ e^ qt , (2.16) 

and our approximation is valid until this C(t) reaches the critical value Jq as seen 
in Eq. (gig) . 

Keeping this condition in mind, let us study the geometric picture of the conden- 
sation of the tachyonic fluctuation. The locations of the D-strings are specified by 
the eigenvalues of the Higgs field ip. We diagonalize the whole Higgs field including 
the fluctuation (|2.12f ), as^ 



i/p^A i pTfr? o 

" 2 Uo(*) -qx ) 2 1 -v^¥T^V ]{2A7) 



^The gauge fields are not diagonalized simultaneously. 
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Figure 3: For large C, physically unacceptable recombination is pro- 
vided by (2.18). Here we have chosen the same value of q as in the 
previous figure but with C = > ^fq. This exceeds the validity of 
the approximation and thus prohibited. Before the configuration reaches 
this form, the nonlinear effect of fluctuations becomes important. 



Therefore after the tachyon condensation, two D-strings are located at 

lr >\ 1 

(2..18) 



Y[x) = ±Tia 'vVx 2 + C 2 e-^ 2 = ±J (tan (6/2) xf + C 2 exp 



tan(0/2) _ 
x 2 



This configuration of D-strings is shown in Fig. |2|. The intersecting D-strings are 
recombined! Naively it might have been expected that the recombination might be 
difficult to be realized in Yang-Mills theory since the locations of the D-strings are 
represented by the eigen values and the recombination process must interchange two 
eigenvalues only in a half of the worldvolume (x < 0). However this is possible, as 
seen in the above diagonalization, due to the gauge transformation which was singular 
at x = originally before the tachyon condensation (the limit C — > 0). So essentially 
the tachyon condensation resolves the singularity of the gauge transformation and 
enables the interchange of the left "halves" of the D-strings (the x < region). 

The intriguing point here is that the magnitude of the tachyon mode C cor- 
responds just to the interbrane separation. This can be easily seen in Eq. fl2.18j ) 
with x = 0. Therefore, in the D-brane recombination, the tachyon condensation is 
geometrically realized. 

It is interesting to note that the condition (|2.15|) has the following geometrical 



meaning. From the expression ( 2.18Q of the transverse displacement, we observe that 



when the tachyon develops the condensation and C becomes large enough, the D- 
string worldvolume embedding is "waving" in the bulk (See Fig. |3[). This situation 
is quite strange in the naive view of the energy minimization in which the D-string 
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energy would be given mostly as a tension times its length. The "wave" should be 
smeared. The requirement that this "wave" does not appear is equivalent to the 
condition that the function Y(x) fl2.18|) has only a single extremum. This condition 
is easily evaluated as q > C 2 which is satisfied by ( 2.15|) . 



3. Large intersection angle and Sen's conjecture 



In the previous section we showed that the recombination of the intersecting D-strings 
is realized in Yang-Mills theory, the low energy scheme of string theory. However as 
mentioned in the introduction, this phenomenon of recombination should be related 
to the tachyon condensation of brane-antibrane system. The worldsheet picture (|2.1| ) 
tells us that when 6 = ir, the tachyon mass squared reaches its lower bound m 2 = 
— l/2a' which is well-known as that of tachyons whose condensation is conjectured 
to make the brane-antibrane disappear (the Sen's conjecture, see Ref. ||). 

Then, how the disappearance of the brane-antibrane is related to the recombina- 
tion? The answer is found when we consider D-strings intersecting at large 6, 9 ~ n. 
For this large 6, the worldvolume parametrization with x (the horizontal axis) is not 
appropriate. Instead, we exchange the roles of x and Y(x) : now let us parametrize 
the worldvolume of D-strings by y, the vertical axis.* Then the displacement of the 
D-strings from this axis is measured by a scalar field X(y) which was originally x 
(See the left of Fig. f|). One notices that in this parametrization, two D-strings be- 
come a pair of a D-string and an anti-D-string, since the orientation of one D-string 
is reversed compared to the other, as is obvious in Fig. 11. 



y 



y 





X(y) 




X(y) 




Figure 4: D-string recombination with 9 ~ tt. By rotating these figures by 
7r/2, one can see the brane-antibrane annihilation occurring around the origin. 



*This kind of the change of the axes of the worldvolume parametrization has been investigated 
in Ref. [[L2| as "target space rotation." 
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The tachyonic mode n = of ( |2.1|) remains at the origin and tends to be con- 
densed. Since we have explicitly shown in the previous section that the condensation 
of this mode is equivalent to the D-string recombination, so assuming that even with 
large 9 this equivalence is maintained, the condensation of this tachyonic mode for 
large 9 should provide again the recombination depicted in the right of Fig. [|. Re- 
minding of the fact that the natural parametrization of the worldvolume is y, we 
observe from this figure that around y = where the tachyon is localized the brane- 
antibrane has disappeared! We regard this as a qualitative verification of the Sen's 
conjecture on the tachyon condensation. 

The single assumption which we made in the argument above was that the iden- 
tification of the fluctuation mode ( [2.12| ) with the lowest mode of the worldsheet 
spectrum ( |2.1| ) is valid also for large 9. Although it is hard to imagine that this 
is violated, in the following we provide another evidence that the identification for 
large 9 is valid. 

For larger 9, the approximation adopted in the previous section is getting worse, 
and so we cannot use the Yang-Mills approach. Hence we necessarily have to use 
alternative picture mentioned above, the worldvolume parametrization in terms of 
y. This brane-antibrane picture is difficult to be analysed since it needs stringy 
description with the energy scale a', such as string field theories. However, we shall 
see that a very simple tachyon action derived from string scattering amplitudes turns 
out to be useful for our purpose. The tachyon two point function on a Dp-antiDp 
pair is reproduced by the free theory 



S 



dtdPy 



h dT \ 2 -—\T\ 
2 1 " 1 4a' 1 1 



(3.1) 



Here the tachyon field is complex since the strings joining the D-strings are orientable. 
This tachyon is charged under a combination of the gauge fields, A = — A^ 
where A$ is the U(l) gauge field on the i-th Dp-brane (i = 1,2). Taking this into 
account, the above action is generalized to be gauge- invariant, 



S = ~ J dtd p y 
where the covariant derivative is defined as 



Ifl + -\d u t\ 2 -—\t\ 2 

4 2 1 " 1 4a' 1 1 



(3.2) 



dfjT - iA^T 



(3.3) 



For describing the nontrivial transverse displacement X(y) from the y axis, we make 
a T-duality (dimensional reduction) in which X(y) is identified as a gauge field, 
2X(y) = l-noL A\. The resultant action is 



S — — I dtdy 



<2 

4" 



FL + 



(2vra') 



-\D U T\ 2 
2 1 " 1 



— \T\ 2 -| 

4a' 1 1 27ra') 2 



X 2 \T\ 2 



(3.4) 
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This action is denned on a 1+1 dimensional worldvolume spanned by y and t. The 
field X(y) describes the distance between the (anti-)D-string and the y axis. A 
solution which represents the intersecting D-strings is obtained as 



X(y) = tan(0/2)y , T = , F ab = 



(3.5) 



where we have defined <f> = 7r — 9 which is small. 

This solution ( |3.5| ) is expected to modify the tachyon mass squared and give the 
localization of the tachyon around y = 0. Let us check these. The real part of the 
tachyon fluctuation T around the solution ( |3.5| ) is decoupled from other fluctuations, 
and the Lagrangian for this fluctuation is given by* 



flue 



d x 



•> l " ' In' 



(2ira') 



(3.6) 



The eigenvalue problem of this harmonic potential is easily solved to give the lowest 
mass squared which is negative, 



m = — 



1 

2a 7 



1 



7ra 



7 tan(0/2) 



27ia' 



(3.7) 



This agrees with the lowest tachyonic mode in the string spectrum 
The eigen function for this tachyonic mode ( |3.7| ) is found as 



ID.* 



T = C(t) exp 



tan(0/2) 2 
27ra' V 



(3.8) 



which is localized at y — 0. Interestingly, this wave function of the tachyonic mode is 
precisely the same as that of the lowest fluctuation of the Yang-Mills analysis (|2.12| ) . 
To show this, first we have to note that the asymptotic configuration of the D-strings 
is given in both cases (|2.18|) and ( p.5|) by 



y = ±tan(9/2)x 
where we have used the definition = it — 9 which gives 

tan(0/2) = [tan(0/2)] _1 . 



(3.9) 



(3.10) 



This strongly suggests that the wave function of the tachyonic fluctuation mode 
obtained in Yang-Mills scheme ( |2.12| ) is not deformed even for large 9. In addition, 
the tachyon condensation parameter C is expected to be proportional to C. 



^Since the solution is T = 0, we denote the tachyon fluctuation also as T. 

tThe fluctuation analysis gives an equally-spaced spectrum m 2 = —5^7 + 2 ^ + / tan(0/2) with a 



non-negative integer k. Note that this k does not coincide with n in Eq. (2.1). Only the lowest 
mode k — corresponds to the lowest mode n — 0. 
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As we mentioned, other fluctuations such as the scalar fluctuation 5X(y) = 
X(y) —2 tan(0/2)?/ is decoupled from the tachyon fluctuation. But once the tachyonic 
fluctuation is condensed as ( |3.8| ) with nonzero C, this induces nontrivial effect on 
5X. One can solve this backreaction to X(y) provided the tachyon condensation 
( |3.8| ). This gives some information on the brane disappearance around y = 0. The 
result is 



SX(y) 



~ u 

2 



dy exp 



tan(0/2) 9 

— -^y 



(3.11) 



Interestingly, this is an error function and thus the region where 5X is non-vanishing 
is not localized. Since the localized tachyon condensation should not give nonlocal 
translation of the D-strings, the above result indicates that the worldvolume gets 
discontinuous around y = : the result fl3.11| ) should be split into two regions so 
that the effect is localized, 



SX(y) 



7TCt 



C 2 / dy exp 



tan(0/2) A2 



TXOL 



C 2 / dy exp 




(y<o) 
(y>o) 



(3.12) 



We have added different constant parameters for the two regions so that asymptoti- 
cally (y — > ±oo) SX(y) vanishes. Noting the following rough approximation for large 



dz e 



2cz 



(3.13) 



SX(y) in Eq. (|3.12 ) is approximated for large y as 

„A2 1 



SX(y) 



; — r^<-^ • - exp 

4tan(0/2) y 



J\2 



[7ra T ~ 2 1 
4tan(0/2) y P 



tan(0/2) 2 
7ra 

tan(0/2) 2 

— 

7rcr 



(l/<0) 
(2/>0) 



(3.14) 



Surprisingly, this form coincides with the Yang-Mills result ( 2.18|) for large x as seen 
below. We expand ( |2.18|) for large X clS 

C 2 1 



Y(x) 
tan(0/2) 



± x + 



2tan 2 (^/2)x 



exp 



tan(6/2) 2 



7ra' 



+ higher 



(3.15) 



Rewriting this with the identification used previously, ( |3.9| ) and (|3.10|) , one can show 
that the second term in Eq. (|3.15|) is identical with ( p,14|) with a certain linear relation 
between the two constant parameters C and C. The second term in Eq. ( |3.15| ) is 
of order C 2 due to the diagonalization ( |2.18| ). To compare this with the tachyon 
picture, we had to consider the backreaction which is higher order in C. 
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With the simple tachyon action (3^4) employed, we have shown various coinci- 



dence with the fluctuation analysis of the previous section. It would be interesting 
to study this tachyon system more carefully, for example with use of the boundary 
string field theory for brane-antibranes. A trial along this direction is presented in 
Appendix B. 

4. Dynamical aspects of recombination: decay width 

We have identified the tachyonic modes which triggers the D-brane recombination 
and showed its significance in relation to the Sen's conjectures. In application to 
D-brane cosmology for example, it is important to study how the time-dependent re- 
combination process proceeds. This question is related to the recent development on 
rolling tachyons ||13|| , however our privilege is that we can use low energy description 
instead of fully following the worldsheet string theory. The recombination process 
itself is just the vacuum condensation of the tachyonic mode fl2.12p , however once the 



tachyon expectation value C(t) reaches its critical value y/q, the nonlinear effect (or 
equivalently, higher order terms of fluctuations) becomes important. After a while, 
the off-diagonal modes of the stretched open string will decouple and the system will 
be dictated by a Nambu-Goto action for a D-string. The relative velocity between 
D-strings leaving each other will soon reach the speed of light (in our approximation 
of decoupling limit of closed strings), as discussed in Ref. flI3| . This is a geometrical 
realization of rolling tachyon |13|], since in the present case the magnitude of the 
tachyon mode is identical with the interbrane separation, as seen in Section 2. 

In the argument above we started from intersecting D-strings, however this con- 
figuration is of course unstable and it is another question whether this is a reasonable 
initial condition to be started with or not. In the context of string cosmology, it is 
expected that first many D-branes are created in a hot universe and then they in- 
teract with each other by recombination. Therefore more physical initial condition 
might be non-parallelly separated D-branes. 

In this section we present a naive estimation of the decay width of the non- 
parallelly separated D-branes. In fact the following process might be physically 
plausible: two D-strings which are not parallel approach each other by gravitational 
and Ramond-Ramond forces, and just at the time when they intersect, the tachyon 
field at the intersection point starts rolling down the potential hill and condenses 



to provide the recombination. However, as discussed in Ref. [|14| , |T5] , before they 
intersect there should be a small probability for quantum tunnelling directly into the 
recombined final state. For analysing this process, we place two D-strings apart from 
each other so that the open string connecting the two does not yet have any tachyonic 
excitation. We fix the distance between the branes as in Fig. [5] for simplicity. In 
this situation, the branes cannot approach each other and thus the decay mode is 



due to the quantum tunnelling effect. We generalize the computation in Ref. to 



13 



Figure 5: Intersecting branes are separated. 



the case of the branes not only separated anti-parallelly but also tilted against each 
other. The intersection angle <fi will appear in the decay width. 

The quantum tunnelling is dictated by a bounce solution whose geometric in- 
terpretation is the Euclidean worldvolume deformation of the D-string, that is, a 
formation of a throat connecting the two D-strings. When = 0, the D-strings are 
placed anti-parallelly, and the decay width can be evaluated in the following way: 
First, the decay width is the exponential of the on-shell Euclidean action, 

r = exp(-S E ) (4.1) 

where Se is the action into which the throat (volcano) solution of the worldvolume 



field theory is substituted (see Ref. |16| for this type of solutions). The throat action 
is evaluated easily as 

S E = T D i (2nRd - 2nR 2 ) , (4.2) 

where d is the distance between the branes, and R is the radius of the throat. The 
first term is from the area of the cylinder (throat), and the second term is from 
the areas of the cap and the bottom of the throat which are holes and thus give a 
negative contribution. The throat radius R can be determined by extremization of 
the action S E as 

which gives R — d/2. Then the on-shell action is 

S E = T m ^. (4.4) 

Thus a trivial result is that when the distance between the two becomes large, 
the decay width by a formation of a throat is exponentially dumping, as T ~ 
exp(-T D1 ^ +1 ). 
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Now let us introduce the intersection angle to the system. It is expected that the 
location of the throat formed by the tunnel effect is unique, at the intersection point. 
One way to explain this is that, from the geometrical point of view, it is unlikely for 
the throat to be formed far from the intersection point since it needs extra energy 
to create it (in other words, the potential barrier is higher). Another way to explain 
this is that the string connecting the two is localized around the intersection point, 
as seen from both the Yang-Mills picture and the tachyon picture studied in the 
previous sections. 

So here we simply assume that the throat is formed at the intersection point 
(though they are not actually intersecting but separated by d). Further assumption 
is that the cylinder is squeezed and become elliptic due to the localization of the 
string. We assume that the horizontal section of this cylinder which was a circle for 
= is deformed to be an ellipse, 

r 2 + %: = R 2 . (4.5) 
f 

Here r is the Euclidean time, and / is a function of <fi which will be determined later 
by the extremization process. 

The area of two holes can be easily evaluated as 

4 h ° lc) = -TDi2nR 2 f (4.6) 

where the last factor / comes from the elliptic deformation. On the other hand, the 
area of the side of the cylinder is 



4 sidc) = ?bi • 4 jf drJl + (j^j ^ + 4rW(0/2) , (4.7) 

where y is now defined by r through ( f4.5| ). The equations of motion for / and R are 
given by 

^S E = 0, |S E = (4.8) 

where Se = S^ ldc ^ + S^ olc \ These are integral equations, and the integrands are 
difficult to be exactly evaluated. So let us concentrate on only small <fi. It is natural 
to expect a correction 

/ = 1 + O(0 2 ) > 1 (4.9) 

which means that the cylinder is squeezed, in other words, enlarged along the direc- 
tion y. So we define 1 + 2g = f 2 and expand the integrand so that the integration is 
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possible. The result for the first equation in ( |4.8|) is 



2vrd 



1 



3 



# + 6^tan 2 (0/2) 
R 



R 



-g' + Gg-j^ tan 2 (0/2)-lO— - tan 4 (0/2) - — l+g--g 



The second equation in (|4.8|) gives 



2R 



d 



. 



7T 



-dR 



8 + 2(7 + 12^ tan 2 (0/2) - \g + ^ tan 2 (0/2) - 10^ tan 4 (0/2) - 16^ 



In both equations we neglect 0(0 6 ) terms. Then these two can be solved as 



R 



d 
2 



1 + - tan 2 (0/2) + - tan 4 (0/2) + 0(<f 
2 8 



g = ^tan 2 (0/2) + ^tan 4 (0/2) + 0(0 6 ) . 

Hence the cylinder is squeezed as expected (g > 0), 

/ = 1 + ~ tan 2 (0/2) + | tan 4 (0/2) + 0(0 6 ) . 

The final on-shell action into which these values are substituted is 

nd 2 A 1 „, , 3 



Dl" 



1 + - tan 2 (0/2) + - tan 4 (0/2) + 0(0 6 ; 
2 8 



(4.10) 
(4.11) 

(4.12) 
(4.13) 



This result shows that a larger gives a smaller probability of the throat formation. § 
This result is consistent with the observation that, a system closer to a supersym- 
metric configuration of parallel parallel two D-strings (0 = 7r) is more stable so the 
most unstable system should be the parallel Dl-antiDl configuration (0 = 0). As 
increases, the tachyonic instability of the system decreases and thus the throat 
nucleation probability should decrease accordingly. 

We note here that we cannot compare the above result with the case with exactly 
vanishing 0, since = case gives a probability per a unit world volume of D-strings 
while in our present case the formation occurs only at the intersection point. So the 
physical meaning of the resultant decay width is different from the = case. 



Sit is interesting to note that all the above results ( 4.1C ), ( 4.12 ) and ( |4 .13 ) has the same correc- 
tions in <f>. This indicates some deeper physical reason. We may expect that the corrections can be 
summarized universally as 



1 + \ tan 2 (0/2) + \ tan 4 (0/2) + 0{f) 
Z 8 



F(<f>) 



(4.14) 



with lim^^ F(tfi) = +oo, so that the system approaches BPS parallel D-branes giving a vanishing 
decay width. 
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The width we have found here is very small, since we are working in the decou- 
pling limit String — ► 0. This is potentially due to the fact that the distance between 
the D-strings is fixed. One of the other possibilities of the initial conditions is to 
consider D-strings approaching each other with a constant relative velocity v. If 
this v is small enough, there should be enough long period for the D-strings to be 
recombined by developing the tachyon condensation. The period during which the 
tachyonic mode is present is evaluated as ~ 9l string /v. The condensation should start 
by a quantum fluctuation studied in Ref. [fL7|l , whose characteristic time is roughly 
~ /string/^; hence we expect that the D-strings recombination occurs when 6 2 > v. 



5. Future directions 

The mechanism of the recombination of the intersecting D-branes provided in this 
paper is quite simple, basically due to the fact that we can employ low energy approx- 
imation of the D-brane dynamics which is the super Yang-Mills theory. Therefore 
we expect that it is possible to apply the recombination mechanism presented in this 
paper in many directions which include (i) study for formulating string/M-theory 
in terms of higher dimensional D-branes as fundamental objects, (ii) verification of 
the Sen's conjectures using various schemes, and (iii) string phenomenology based 
on intersecting branes, and brane cosmology. 

As for (i), the first step might be to generalize the present analysis to higher 
dimensional D-branes.^ For example, D2-branes intersecting in T 4 can be supersym- 
metric with a certain relation of two intersection angles H. It is interesting to see 
this phenomena in terms of low energy Yang-Mills theory. 

Regarding (ii), since there has been vast amount of literature concerning the 
Sen's conjectures, the relation between those and our mechanism should be explored 
further. We may turn on the intersection angle for example in the scheme of cubic 
string field theories or boundary string field theories, which will help to clarify the 
relation. On the other hand, our analysis shows that the tachyon condensation of 
brane-antibrane can be seen by the Yang-Mills theories, which suggests that they 
can describe various phenomena associated with the tachyon condensation, such as 
the brane descent relations and creation of lower- dimensional D-branes. Further- 
more, it might be possible even to describe all the tachyon condensation processes 
by (generalizations of) Yang-Mills theories. For example, non-BPS branes defined as 
unstable defects in tachyon condensation of brane-antibrane can also be described in 
our Yang-Mills scheme, and this might be the case also for the rolling tachyons [pL3 



and associated S(pacelike)-branes [19 whose deformations describe creation of lower 
dimensional defects [^(|. In our realization, the rolling tachyon is realized geometri- 
cally as recombined D-branes leaving each other. The rolling tachyon in the present 

^Instabilities in the higher dimensional cases were discussed in Ref. |l8| in the context of M- 
theory lift. 
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case should be described by a Dirac-Born-Infeld action in which the scalar field is 
identified with the tachyon, as seen in Section 2. This might give a path to justify 
the tachyon action of Ref. |D| . 

Finally, there should be much possibilities for application to phenomenology and 
cosmology (iii) since nowadays intersecting branes are considered to be an effective 
way of realizing our world on branes. Recombination of topological defects has 
been largely studied especially in the context of cosmic string network formation in 
cosmology In string theory, BPS D-branes can be realized as topological solitons 
in unstable D-branes with tachyons, based on the Sen's conjectures [|J on tachyon 
condensation. This viewpoint realizes the formation and time evolution of D-brane 
networks in the early universe, and the clarification of the recombination mechanism 
in this paper will help analysing phenomenological parameters. We hope that our 
research may be the first step to mediate between the string phenomenology and the 
tachyon condensation in string theory. 
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A. Higher order in 9 and NBI corrections 



Here we discuss how the higher order terms in 9 in the string theory spectrum (|2.1| ) 
can be reproduced from the non-Abelian Born-Infeld action. The first nontrivial 
corrections to the Yang-Mills theory appear as F A terms in a symmetrized trace M, 



L = StrW - det(^ + 2ira'F t 



(A.1) 



The Lagrangian with the transverse scalar fields can be obtained simply by T- 
dualities (dimensional reductions). To compute the higher order corrections, it is 
of great help to use the expansion of Ref. [7j which provided a general expression of 
the fluctuation Lagrangian expanded around a diagonal and constant field strength 
background in U(2) case. Here we can make use of it. The final form of the fluctua- 
tion Lagrangian in Ref. |7j is 



L = SW- det(r]^ + 27ra'(F ] 



-B^F a^F \a Xa F 



<iji 



(A.2) 



- 18 - 



,12 



where Fo is the background value of the field strength, g is the open string metric, 
and B» v = -g^F Xp ri pl/ . In our case, the worldvolume is 1+2 dimension before taking 
the T-duality down to 1+1 dimensions, so we turn on only the field strength (F 
Then the open string metric reads 

cT = diag(-l,</,£) , g 

Then the fluctuation Lagrangian is written as 

L = Sti-j=(g.(F )i 2 i[A 1 ,( P ]) 



1 + (2vr«'(F ) 12 ) 



(A.3) 



(A.4) 



We note here that the first line in the above expression receives no combinatoric 
factor when the symmetrized trace is taken, but the second line receives it. The 
prescription is given in Ref. |7j. When one has a symmetrized trace over a function 
of the form (F ) m F (F Q ) n F , then the F dependence should appear as 



f(F 



Following this prescription, we have 



1 

Fo Jo 



F 



dx f(x) 



i(2W(F ) 12 ) 2 - A(2W(F ) 12 ) 4 + O ((2W(F ) 12 ) 6 ) 
9 3/2 - 1 - ^(2W(F ) 12 ) 2 - A(2W(F ) 12 ) 4 + O ((2W(F ) 12 ) 6 ) 



while the first line in Eq. (|A.4 ) gives an expression as it is, 
yfgF Q = F 



1 - i(2W(F ) 12 ) 2 - ^(2W(F ) 12 ) 4 + O ((2W(F ) 12 ) 6 ) 

Z o 



(A.5) 

(A.6) 
(A.7) 

(A.8) 



Finally we obtain the fluctuation Lagrangian as (in the following we write only the 
terms up to the order F 4 explicitly, since it is known that the symmetrized trace 
prescription for corrections is valid only at this order [^]) 



6 



(27ra'(Fo)i2) 



1 



1 - -(2W(F ) 12 ) 2 ) ((d lV ) 2 + 2qxAd lV + q 2 x 2 A 2 - 2qA V ) 



+O((2W(F ) 12 ) 4 ) 



(A.9) 



So, up to the overall factor which is irrelevant for the fluctuation analysis, the dif- 
ference between the present corrected Lagrangian and (|2.(j|) is only that the mass 
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squared will be multiplied by a factor appearing in the second line of Eq. (|A.9|) . Not- 
ing that the correspondence here is that (^0)12 = <?/2, our result of the fluctuation 
analysis is 



m 2 



(2n - l)q (l - i(Wg) a ) = (n - -L + O(0 5 ) . (A.IO) 



This coincides with the worldsheet result ( |2.1| ), up to O{0 b ) ambiguity 

If we assume that the action is given by the symmetrized trace at order F 6 , we 
can soon find that the mass spectrum is incorrect as was shown in Ref. 0. The 
non-Abelian BI action at order F 6 was proposed in some articles |22|] and we can use 
our fluctuation analysis for the first nontrivial check of their F G terms E3I . 



B. Tachyon mass squared to higher order in 

In this appendix, we present a trial to obtain higher order corrections to the tachyon 
mass eigen values obtained in Section 3. To proceed, we somehow assume the form 
of the higher order coupling in the tachyon-gauge system of the brane-antibrane. A 
trial is the following action with the higher correction of gauge fields, 

S = -Jd 3 x (-^m 2 + ~G ab D a TD b ?) , (B.l) 

where G ab is the open string metric 

G ab = ( ] . (B.2) 

This fluctuation action can be obtained from the action for example, 

S = -2T J dx 3 V(\T\)^J- det(g ab + F ab + D {a TD b} f) . (B.3) 

This action is the generalization of a non-BPS D-brane action to the brane-antibrane 
system. The antisymmetric part of D a TD b T is dropped by the reality condition. 
Now, let us check the order O(0 2 ) of the mass spectrum in this action (|B.1|). We 



proceed in the same manner as in Section 3, to obtain the fluctuation Lagrangian 

S--J dtdy( - —T + ~{d»T) + 2(1 + 4tan2(0/2)) J • (B.4) 

From this the mass squared is obtained as 



tan(0/2) 1 



m 2 = vy/ ' , - A 2n+ 1) , (B.5) 

na'(l +4tan 2 (0/2)) v ; 2a' ' V ; 

and for the lowest mode, it is given by 

~-± + 0(^-9)*) . (B.6) 
Therefore we have obtained the correct mass spectrum up to O ((n — 6) 3 ) ambiguity. 
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